Extremely large magnetoresistance (XMR) was recently discovered in many non-magnetic materials, while its underlying mechanism remains poorly understood due to the complex electronic structure of these materials. Here, we report an investigation of the α-phase WP2, a topologically trivial semimetal with monoclinic crystal structure (C2/m), which contrasts to the recently discovered robust type-II Weyl semimetal phase in β-WP2. We found that α-WP2 exhibits almost all the characteristics of XMR materials: the near-quadratic field dependence of MR, a field-induced up-turn in resistivity following by a plateau at low temperature, which can be understood by the compensation effect, and high mobility of carriers confirmed by our Hall effect measurements. It was also found that the normalized MRs under different magnetic fields has the same temperature dependence in α-WP2, the Kohler scaling law can describe the MR data in a wide temperature range, and there is no obvious change in the anisotropic parameter γ value with temperature. The resistance polar diagram has a peanut shape when field is rotated in ac plane, which can be understood by the anisotropy of Fermi surface. These results indicate that both field-induced-gap and temperature-induced Lifshitz transition are not the origin of up-turn in resistivity in the α-WP2 semimetal. Our findings establish α-WP2 as a new reference material for exploring the XMR phenomena.
I. INTRODUCTION
The giant magnetoresistance (GMR) in multilayers involving ferromagnetic metals [1, 2] and colossal magnetoresistance (CMR) in manganese oxide materials [3] [4] [5] phenomena have opened a new domain of applications as magnetic memories [6, 7] , magnetic valves [8] , as magnetic sensors or magnetic switches [9, 10] . In the past several decades, the search for new large MR materials has been one of the most important topics in condensed matter physics and material science. Recently, XMR has been discovered in many non-magnetic materials, such as Dirac semimetals Na 3 Bi and Cd 3 As 2 [11] [12] [13] [14] [15] , Weyl semimetals of TaAs family [16] [17] [18] [19] [20] [21] [22] [23] [24] , nodal semimetals ZrSiX (X = S, Se, Te) [25] [26] [27] [28] [29] , LnX (Ln = La, Y, Nd, Ce; X = Sb, Bi) with simple rock salt structure [30] [31] [32] [33] [34] [35] [36] , a class of transition metal dipnictides TmPn 2 (Tm = Ta, Nb; Pn = P, As, Sb) [37] [38] [39] [40] [41] [42] [43] [44] [45] , and the type-II Weyl semimetals WTe 2 [46] , β-MoP 2 and β-WP 2 [47] [48] [49] [50] [51] . XMR is a ubiquitous phenomenon in these seemingly unrelated materials, however, the underlying mechanism of XMR is not completely understood. The near-quadratic field dependence of MR exists in most of these materials, all these materials exhibit a field-induced up-turn in resistivity followed by a plateau at low temperatures.
In general, the MR of a material reflects the dynamics of charge carriers and the topology of the Fermi surface (FS). Several mechanisms have been proposed to explain the XMR in nonmagnetic semimetals [52, 53] . One is the classical two-band model, which predicts parabolic field dependence of MR in a compensated semimetal, and suggest that a small difference of the electron and holes densities will cause the MR eventually saturated at higher magnetic field, such as in Bi [54] and graphite [55] . However, the MR in WTe 2 and NbSb 2 does not saturate up to 60 T and 32 T [38, 56] , respectively, while in TaAs 2 [45] it saturates under 45 T at 4.2 K. Another open problem is to understand the linear-field-dependence of MR in Dirac and Weyl semimetals as a quantum effect near the crossing point of the conduction and valence bands, having a linear energy dispersion when the magnetic field is beyond the quantum limit [57, 58] . In fact, the rich electronic structure near the Fermi level E F as well as the spin texture driven by the spin-orbit coupling observed by angle-resolved photoemission spectroscopy (ARPES) may be play an important role in XMR of WTe 2 [59, 60] . On the other hand, ARPES experiments has confirmed that MoAs 2 has a relatively simple bulk band structure with a trivial massless surface state alongΓ -X, and its Fermi surfaces (FSs) dominated by an open-orbit topology rather than closed pockets were suggested to be the origin of the near quadratic XMR in this material [61] . From the recent studies of XMR in these non-magnetic compounds, it is clear that the mechanism underlying XMR can be different from compound to compound. Searching for new semimetals with XMR and different electronic structures will help understanding this complexity.
Here, we report a novel non-magnetic semimetal α-WP 2 , which belongs to a group of transition metal dipnictides TmPn 2 crystalizing in OsGe 2 -type structure [62] . Both time-reversal (T ) and inversion (P) symmetries are present, which contrasts this material to noncentrosymmetric β-WP 2 predicted to be a robust type-II Weyl semimetal [47] . Our band structure calculations show that α-WP 2 is a type-II nodal line semimetal if spin-orbit coupling (SOC) is neglected, while it is a topological trivial semimetal when SOC is taken into account. Our magnetotransport measurements reveal that α-WP 2 exhibits almost all the characteristics of XMR materials: the near-quadratic field dependence of MR, a field-induced up-turn in resistivity following by a plateau at low temperature. Our Hall resistivity measurements demonstrate that α-WP 2 is a compensated semimetal with high mobility of charge carriers. It was also found that the normalized MRs under different magnetic fields has the same temperature dependence, and the Kohler scaling law can describe the MR data in a wide temperature range. The observed MR exhibits anisotropy upon rotating magnetic field in the ac-plane, and there is no obvious change in the anisotropic parameter γ value with temperature. Our findings reveal that α-WP 2 is a new platform for exploring XMR phenomena.
II. EXPERIMENT AND CALCULATION METHODS

A. Crystal growth and magnetotransport measurements
The single crystals of α-WP 2 were grown by the chemical vapor transport method. Raw materials were mixed and ground into a fine powder, sealed in an evacuated quartz tube with 5 mg/cm 3 iodine as a transport agent, then heated to 950
• C for 2 weeks in a two-zone furnace with a temperature gradient of 100
• C. Polyhedral crystals were obtained at the cold end of tube. The W: P = 33.7: 66.3 composition was confirmed using the Energy Dispersive X-ray Spectrometer (EDXS). The crystal structure was determined by Single-Crystal X-Ray diffractometer (Rigaku Gemini A Ultra). Electrical resistivity in magnetic field (H) and Hall resistivity measurements were carried out by using a Quantum Design Physical Property Measurement System (PPMS).
B. DFT calculations
Density functional theory (DFT) calculations were carried out using the Vienna ab initio simulation package (VASP) [63] , [64] , [65] with generalized gradient approximation (GGA) of Perdew, Burke and Ernzerhof (PBE) [66] for the exchange correlation potential was chosen. A cutoff energy of 360 eV and a 10 × 10 × 6 k-point mesh were used to perform the bulk calculations. The nodalline search and Fermi surface calculations were performed using the open-source software WannierTools [67] that is based on the Wannier tight-binding model (WTBM) constructed using Wannier90 [68] .
III. RESULTS AND DISCUSSIONS
A. Crystal structure and bulk band structures Figure 1e shows the XRD pattern of a α-WP 2 crystal. Based on the above structure and lattice parameters, we carried out density function theory (DFT) calculations as described in the Methods section. The Brillouin zone (BZ) of the primitive cell is presented in Fig. 1b . The calculated Fermi surface shown in Fig. 1c consists of six electron-(red) and four hole-(cyan) pockets. The electron pockets are closed while hole pockets are connected implying an open-orbit character of the FS. Figure 1f shows the band structure without considering spinorbit coupling (SOC). A tilted Dirac cone can be seen between T and Γ which is a part of nodal line, indicating that α-WP 2 is a type-II nodal line semimetal (NLSM) protected by the P and T symmetries when SOC is ignored (more details in the Appendix [69] ). When SOC is taken into account in calculations, the band-crossing is fully gapped and making α-WP 2 a semimetal with no band degeneracies as shown in Fig. 1g . Then, we calculate the Z 2 indices due to the continuous gap in the band structure. This allows to calculate the Z 2 indices from the parities of occupied wave functions at time-reversal invariant momenta (TRIM) points [70] . The resulting Z 2 classification (0;000) identifies α-WP 2 as a topologically trivial semimetal. 
B. Resistivity
Figure 2a displays the temperature dependence of longitudinal resistivity, ρ xx (T), under varying magnetic field H applied along the direction perpendicular to the ab plane as shown in Fig. 1d , with current along the b axis. At µ 0 H = 0 T, the resistivity decreases monotonically upon decreasing temperature, with the room temperature resistivity ρ xx (300 K)= 11.75 mΩ cm and a resistivity ρ xx (2 K)= 41.74 nΩ cm at 2 K, the residual resistivity ratio RRR = 2491 of Sample 1 indicating high quality of this α-WP 2 crystal. Similar to many other XMR materials such as graphite [71, 72] , bismuth [73] [38] , and TaP [19] , an up-turn of ρ xx (T ) curves under applied magnetic field occurs at low temperatures: the resistivity increases with decreasing temperature, and then saturates, as shown in the inset of Fig. 2a . Intuitively, it seems to be the consequence of a field-induced metal-insulator (MI) transition, as discussed in Refs. 76-79 predicting an excitonic gap ∆ at low temperature that can be induced by a magnetic field in the linear spectrum of Coulomb interacting quasiparticles. However, the normalized MR, shown in Fig. 2b , has the same temperature dependence at different magnetic fields, excluding the existence of a magnetic-fielddependent gap. The saturation of ρ(T, H) at low temperatures demonstrates that no gap opening takes place, too. A similar behavior was also observed in WTe 2 [80, 81] .
In order to explore the origin of up-turn behavior, we replot the ρ xx (T,H) of 0 T and 7 T as well as the differ- ence ∆ρ xx = ρ xx (T, 7 T) -ρ xx (T, 0 T) in Fig. 2c . It clearly shows that the resistivity in a magnetic field consists of two components, ρ 0 (T ) and ∆ρ xx , with opposite temperature dependencies. As discussed by Wang et al. for WTe 2 [81] , the resistivity can be written as
The second term is the magnetic-field-induced resistivity ∆ρ xx , which follows the Kohler's rule with two constants α and m. ∆ρ xx (= αH m /ρ 0 m−1 ) is inversely proportional to 1/ρ 0 (when m = 2) and competes with the first term upon changing temperature, possibly resulting in a minimum in ρ(T, H) curves. ] × 100%. The MR is extremely large at low temperatures, reaching 4.82× 10 5 % at 2 K and 9 T, and does not show any sign of saturation up to the highest field used in our measurements. The inset of Fig. 3a displays MR of sample 1 and sample 2 with different RRR values of 2491 and 1852, respectively. It is clear that the magnitudes of MR are strongly dependent on the quality of the crystals, which was also observed in Dirac semimetal PtBi 2 [82] and β-WP 2 [83] . As discussed above, the MR can be described by the Kohler scaling law [84] 
As shown in Fig. 3b , all MR data from T = 2 K to 100 K collapse onto a single straight line when plotted as MR ∼ H/ρ 0 curve, with α = 4.5 (µΩ cm/T)
1.8 and m = 1.8 obtained by fitting. Both the same temperature dependence of MR at different fields, and the validity of Kohler scaling law at different temperatures exclude the field-induced MI transition as an origin of the up-turn behavior in α-WP 2 . Note that sample 2 exhibits a similar behavior, although its MR is smaller than that of sample 1 [69] .
D. Compensation and high mobility of charge carriers
According to the two-band model, the complex resistivity under an applied magnetic field H of a semimetal is given by [56] 
where n e (n h ) is the charge density of electrons (holes), µ e (µ h ) the mobility of electrons (holes) and e is the charge of electron. The experimentally observed longitudinal resistivity ρ xx (H) is given by the real part of Eq. (3), and the Hall (transversal) resistivity ρ xy (H) corresponds to its imaginary part. In order to obtain the mobility and density of charge carriers, we measured the Hall resistivity ρ xy (H) at various temperatures, as shown in Fig. 4a . Then, using Eq. (3) to fit directly both ρ xx (H) and ρ xy (H) data, the n e (n h ) and µ e (µ h ) values were obtained at different temperatures. Figures 4c and 4d display the ρ xx (H) and ρ xy (H) data, as well as their fits, at 40 K as a representative temperature. The data and its fits at other temperatures are shown in the Appendix [69] . The obtained values of µ e (µ h ) and n e (n h ) as a function of temperature are plotted in Fig.  4b and its inset, respectively. It is clear that at temperatures below 50 K n e and n h are practically equal, e.g. n e = 6.4275 × 10 20 cm −3 and n h =6.4285 × 10 20 cm −3 at T = 2K, which implies the compensation of electron and hole charge carriers indeed takes place in our α-WP 2 samples, similar to that discovered in WTe 2 [56] and in β-WP 2 [83] . [83] . At higher temperatures, both µ e and µ h exhibit an obvious decrease due to enhanced phonon thermal scattering. These results indicate that the up-turn behavior in our α-WP 2 samples likely originates from the strong temperature dependence of the charge-carrier mobilities.
E. The anisotropy of the resistance
As discussed in Ref. 80 for WTe 2 , the anisotropy of the resistance reflects the Fermi surface topology. In order to address the Fermi surface anisotropy and check whether the electronic structure changes with temperature in α-WP 2 crystals, we measured the longitudinal resistance R xx (H, θ) at a fixed temperature, where θ is the angle of applied magnetic field with respect to the z axis which is perpendicular to ab plane (see Fig. 5b for the definition of θ). First, we measured R xx (θ) by scanning θ at 2 K under fixed magnetic fields µ 0 H = 3, 6 and 9 T, respectively, as shown in Fig. 5a . The polar plot of R xx (θ) reflects the symmetry of the projected profile of the Fermi surface onto the plane perpendicular to current. The system and hence the Fermi surfaces have inversion and C 2x symmetries. When current is applied along the x axis, the C 2x symmetry results in R xx (θ) = R xx (π + θ) (see Fig. 5a ). The data clearly reveals that the resistance is anisotropic, with largest resistance for magnetic field applied at θ = −15
• with respect to the z axis that is 30
• relative to the c axis due to the monoclinic crystal structure of α-WP 2 . The minimum of resistance is close to θ = 90
• , and the polar diagram has a peanut shape. The anisotropy of resistance relates to the anisotropy of Fermi surface.
Then, we measured R xx (H) at T = 2 K and 50 K at a fixed θ, as shown in Figs. 5c and 5d, respectively. The resistance anisotropy is consistent with R xx (θ) mentioned above, with larger resistance for a fixed magnetic field applied close to z axis (θ = 0
• ) for both temperatures. At the same time, we found that R xx (H) curves obtained at a fixed temperature but at various angles θ can be collapsed onto a single curve with a field scaling factor ε θ = (cos 2 θ+γ −2 sin 2 θ) 1/2 , as shown in Figs. 5e and 5f, where γ is a constant at a given temperature. That is, the resistance of α-WP 2 has a scaling behavior R xx (H, θ) = R xx (ε θ H), where ε θ H is the reduced magnetic field and ε θ = (cos 2 θ+γ −2 sin 2 θ) 1/2 reflects the mass anisotropy for an elliptical Fermi surface, with γ being the ratio of the effective masses of electrons moving in directions given by θ = 0
• and 90
• . This anisotropic scaling rule has also used to account for the angular dependence of MR in graphite [85, 86] , WTe 2 [80] , as well as the anisotropic properties of high temperature superconductors [87, 88] .
For our α-WP 2 sample, we obtained γ = 1.68, 1.72, 2.57, 2.23 and 1.98 from R xx (H) data at T = 2.0, 10, 30, 50 and 100 K, respectively. The data and fits at other temperatures are shown in the Appendix [69] . We also measured R xx (H, φ), where φ is the angle of H with respect to the z axis, but within the bz plane, current was also applied along the b axis [69] . No negative magnetoresistance was observed for H parallel to the current direction.
F. Discussion
The investigated α-WP 2 with monoclinic crystal structure (C2/m) is a topologically trivial semimetal as predicted by our band calculations, which contrasts this material to its β-phase polymorph that has noncentrosymmetric orthorhombic crystal structure (Cmc2 1 ) and was predicted to be a robust type-II Weyl semimetal [47] . The comparison of MR behaviors and electronic structure of α-WP 2 and β-WP 2 may provide some hints on the XMR mechanism as both materials have the same composition and very similar Fermi surfaces [69] . From the above experimental results, α-WP 2 exhibits all typical characteristics of XMR materials, such as the nearly quadratic field dependence of MR and the field-induced up-turn in resistivity following by a plateau at low temperatures. Phenomenologically, these properties can be understood from the point of view of compensation of electron and hole charge carriers with high mobilities at low temperatures, which was confirmed by our Hall measurements and band structure calculations. Another similarity with β-WP 2 is the strong dependence of the magnitudes of MR on the RRR value, i.e. the sample quality. The robustness of Weyl semimetal phase in β-WP 2 due to the same chirality of the neighboring Weyl nodes is believed to suppress the backscattering [83] , resulting in small ρ 0 and large MR. However, there are two differences in MR behaviors between α-WP 2 and β-WP 2 . The first difference is related to the anisotropy of MR. In β-WP 2 , MR reaches its maximum and minimum when H is parallel to the b-and c-axis, respectively, while current is applied along the a-axis (easy growth axis), as shown in Fig. 3e [69] . In contrast, for α-WP 2 MR reaches its maximum when H is oriented along the direction at 15
• with respect to the c-axis, and has a minimum at H parallel to the a-axis, with current is applied along the b-axis (easy growth axis). In this case, the polar diagram has a peanut-like shape as shown in Fig. 5a . MR in α-WP 2 exhibits a weaker anisotropy compared to that of β-WP 2 and the maximum of MR does not occur when H is applied along c-axis, but rather at an angle to it. We believe that the MR anisotropy in α-WP 2 is also related to the topology of FSs, as shown in Fig. 1c , opening electron pockets without band spinsplitting due to the presence inversion symmetry. The second difference concerns the validity of Kohler's scaling law. In α-WP 2 , the MR data in a wide temperature range can be described well by this law, while the MR of β-WP 2 above 10 K deviates from Kohler's rule considerably [48] . This indicates that the temperature-induced Lifshitz transition as a possible origin of XMR mechanism cannot be ruled out in β-WP 2 , as also suggested for WTe 2 [60] .
It is also interesting to conduct a comparison with the MR behavior of WTe 2 . A remarkable difference between the investigated α-WP 2 and WTe 2 is that the change of γ value (∼2.0) with temperature is not obvious in our α-WP 2 samples, while in WTe 2 at low temperatures γ is almost 2.5 times higher than that at high temperatures [80] . In fact, Wu et al. confirmed the existence of a temperature-induced Lifshitz transition (i.e. the complete disappearance of hole pockets at high temperatures) in WTe 2 by means of ARPES and thermoelectric power measurements [60] , which is believed to be the origin of up-turn behavior in this material. However, the absence of obvious temperature dependence of γ in α-WP 2 indicates that the temperature-induced Fermi surface transition should not be the origin of up-turn behavior in this case.
IV. CONCLUDING REMARKS
In summary, we successfully synthesized α-WP 2 crystals and performed their magneto-transport measurements and electronic structure investigation. It was found that α-WP 2 exhibits practically all typical characteristics of XMR materials. Our Hall resistivity measurements and band structure calculations reveal that the compensation effect and high mobility of carriers take place in α-WP 2 . The facts that the normalized MR under different magnetic fields has the same temperature dependence in α-WP 2 , the Kohler scaling law can describe the MR data in a wide temperature range, and the independence of anisotropic parameter γ on temperature rule out both field-induced gap and the temperature-induced Lifshitz transition as the origins of up-turn behaviors in α-WP 2 semimetal. We also found that the resistance polar diagrams has a peanut shape when magnetic field is rotated in the ac plane, which can be understood by the open-orbit electrons pockets in FS. However, the mechanism underlying the sharp enhancement of µ e and µ h at low temperatures remains to be addressed. Our findings highlight α-WP 2 as a new material for exploring XMR phenomena. The as-grown crystal of the two phases of WP 2 both have one distinct long dimension. The investigated α-WP 2 crystal is of size 0.7×0.2×0.1 mm 3 with its longest dimension (0.7 mm) aligned along axis b. Likewise, single crystals of β-WP 2 reported in Ref. 83 are needleshaped with longer dimension aligned along the a axis. This characteristic shape makes it difficult to apply current along other shorter axes. Further, considering the similarity of the Fermi surfaces of these two phase, it is more convenient to make the following correspondance between the axes of their crystal structure, a axis of α-WP 2 corresponds to b axis of β-WP 2 , b axis of α-WP 2 to a axis of β-WP 2 , and c axis of α-WP 2 to c axis of β-WP 2 . Furthermore, we note that α-WP 2 has monoclinic crystal structure, i.e. c axis is not orthogonal to the ab plane, while β-WP 2 has orthorhombic crystal structure, as shown in Figs. 6a,b of this Appendix. In the case of α-WP 2 , the deformed bowtie closed electron Fermi surface is located at the T point of the Brillouin zone (Fig. 6c) , while the warped tube-shaped open hole Fermi surface encloses the A point (Fig. 6e) and extends along the direction perpendicular to the c axis in ac plane (Fig. 6g) . In the case of β-WP 2 , the bowtie-like closed electron Fermi surface is located at the Y point of the Brillouin zone (Fig 6d) , and the tube-shaped open hole Fermi surface encloses the X point (Fig. 6f) extending along the a axis (Fig. 6h) . Hence, in both materials the open orbits extend along the direction normal to the c axis in ac and bc planes, respectively. However, there is a difference between the two Fermi surfaces-small pockets in both electron and hole Fermi surface of α-WP 2 can be seen (Fig. 6c,e) , in contrast to β-WP 2 .
Furthermore, the crystal structure of α-WP 2 belongs to centrosymmetric space group C2/m (No. 12), while that of β-WP 2 belongs to space group Cmc2 1 (No. 36) that lacks inversion symmetry. As a consequence, the Fermi surface of α-WP 2 has twofold spin degeneracy, while the Fermi surface of β-WP 2 is composed of a pair of surfaces nested inside each other when SOC is taken into account (see the example for the electron Fermi surface in Fig. 6d ).
Topological properties of α-WP2
Since α-WP 2 has PT symmetry, that is the combination of inversion and time-reversal symmetry, a nodal-line degeneracy can be present in such system [89] . From the band structure shown in Figs. 1f,g of the main text, the band inversion character along the Γ−T direction is evident. By constructing the symmetrized Wannier tightbinding model without taking into account SOC [68] , a nodal line between bands N and N + 1 was identified with the help of WannierTools software [67] , as shown in Fig. 7a . The band structure plotted along a k-point path across the nodal point is presented in Fig. 7b , showing type-II behavior character of the degeneracy. Upon taking SOC into consideration, the degeneracy is lifted by upto ca. 100 meV (Fig. 7c) [89] .
In order to determine the Z 2 indices, the Wilson loops were calculated on six time-reversal invariant planes using WannierTools [67] . The results are shown in Fig. 8 . According to the Wilson loop definition [90, 91] , the topological indices are (0;000) [70] which identifies α-WP 2 as a topologically trivial semimetal when SOC is taken into account. 
